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Non-Magnetic Corrosion Resistant 
High Strength Steels 



This invention relates to non-magnetic corrosion resistant high 
strength steels. More especially, but not exclusively, the invention relates 
to steels suitable for use as non-magnetic components in directional drilling 
of oil and gas wells. 

When deep well drilling, long tubular drill collars are located at the 
lower ends of drill strings to provide weight and rigidity. Lengths of these 
collar, are typically between 1 and 10 metres and their diameters are 
typ.cally between 8.75 and 32.5cm. Each such collar includes a central 
axial hole of diameter typically between 5.75 to 12.75 cm which allows 
drilling fluid to pass down the string to the well base. This fluid 
subsequently, returns to the surface outside the drill collar and string 
Threaded ends allow the collars to be secured to one another and to other 
components of the string. Dimensional and mechanical property 
requ.rements are laid down in API 7 Section 6. 

It is often desirable to include instruments near the bottom of the drill 
string to enable the angle and direction of drilling to be measured accurately 
The proximity of a large ferromagnetic mass is such instruments is clearly 
undesirable. When instruments are to be employed, low al.oy steels 
conventionally used for the manufacture of drill collars have been rep.aced 
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that which produces auto-recrystallisation. 



Steels A and B therefore provided the required yield strength, but 
at the expense of other desired properties. 

Of the desired properties, low magnetic permeability is paramount 
and ,h. alloying balance must be such ,ha. the structure is bom free from 
de„a ferrite and will no, be destabilised by deformation. A number of 
methods have been proposed by which the structure of a steel may be 
predated from i,s composition. These all involved separating the elements 
into those which act similarly ,o chromium and those simiiarly ,o nickel 
Each was allocated an equivaience factor and by means of these the total 
chromiumequivalence and nickel equivalence are calculated. The interceptor 
of these two values on a diagram is reported to show structure including 
some indication of the proportions of phases in a mu,«- P hase cese. The 
digrams are used with some success whhin certain composition ranges bu, 
have proved less successful elsewhere. One obvious inaccuracy is that me 
same equivalence values are used whether austenita-farrite boundaries or 
austenita martansite boundaries are being predicted, which cannot be the 
case 



A hazard with all steels used in drill strings is geliing a, the threaded 
K>.n,s. Such feints must be made a, high torques to minimise stress 
concentration in service and provide effective see,s a, mating shoulders. In 
th.s context, galling may be described as localised friction-welding of 
surfaces moving relative ,o one another under pressure. Gelling can prevent 
successful jointing o, components and/or prevent release o, me join, 
between components after use. The damage caused on thread and shoulder 
surfaces (production „, cavities and mete, build up, can render them 
unstable for furth d , Mough some ^ 

the hves of the components are shortened. Austenitio stainless steels are 
especelly prone to galling and. alrhough compositions A and B are superior 
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occurring in large sections. 



Localised corrosion can be of more consequence in the non- 
magnetic steel casings used to contain the sophisticated electronic 
measuring devices used when drilling. The internal geometry within these 
devices can be complex and involve functional crevices and also changes in 
section, which can retain deposits, producing crevices. In these elaborate 
devices, localised corrosion is less tolerable than for the relatively simple 
collars. Furthermore, there can be a mixture of metals in electronic contact 
which can exacerbate conditions by galvanic effects. Thus there is need for 
a steel of enhanced resistance to localised corrosion which exhibits the other 
desired properties mentioned previously, these being high strength, low 
magnetic permeability, structural stability and anti galling properties. 

None of the previously discussed steels provide all these desired 
properties. 



The invention sets out to provide such a steel which does have all 
of these desired properties. 

According to the present invention in one aspect, there is provided a non- 
magnetic corrosion resistant high strength steel whose composition by 
weight % includes:- 

Carbon, up to 0.05% 

Silicon, up to 1.0% 

Manganese, f r0 m 10.0 to 20.0% 

Chromium, f r0 m 13.5 to 18.0% 

Nickel, from 1.0 to 4.0% 

Molybdenum, from 1.5 to 3.5% 

Nitrogen, from 0.2 to 0.4% 
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In another aspect, the invention provides a non-magnetic corrosion 
and galling resistant high strength steels whose composition by we.ght 
includes 

Carbon up to 0.2% 

Silicon up to 1.00/0 

Manganese from 10.0 to 20.0% 

Chromium from 13.5 to 18.0% 

Nickel from 1-0 to 7.0% 

Molybdenum from 1 .5 to 4.0%; and 

Nitrogen 02 t0 QA% ' 

the composition satisfying the formulae:- 

Niickel equivalence 
Chromium equivalence minus 14 



> 1 51 

i\\ Mioirpi equivalence 

w ~TT . 7 • I mimic 1 d 



and 

Nickel equivalence + chromium equivalence >35 

A preferred composition by weight % of steels in accordance with 
the invention is carbon up to 0.55%, silicon up to 1%, manganese 12 to 
16%. chromium 14 to 16%, nickel 1.0 to 5%, molybdenum 1.7 to 3.0% 
and nitrogen, 0.2 to 0.40%, balance iron and incidental impunt.es. 

A further more limited composition by weight % is carbon up to 
0 035%, silicon up to 0.5%, manganese 13 to 15.0%. chromium 15 to 
16%. nickel 2.0 to 2.75%, molybdenum 2.0 to 2.5% and nitrogen 0.30 to 
0.40%, balance iron and incidental impurities. 

Preferably, the balance of the composition conforms with the 

following equation:- 

Ni eq uivalence > 1 * 51 

Cr equivalence - 14 
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when Cr equivalence = o /oCr + , 5% Sj + %Mq + Q ^ % ^ 
and 

Ni equivalence = o /oNi + 300/eC + 2Q% N 

Additionally, the balance of the composition may conform with the 
following equations : 

Cr equivalence = Cr + 1.5% Si + % Mo + 0.12% Mn 
and 

Ni equivalence = %Ni + 30% C + 20% N 
and 

Ni equivalence + Cr equivalence > 35. 

where Cr equivalence = % Cr + 1.5% Si + %Mo; and 

Ni equivalence = % Ni + 0.5% Mn + 30% C + 30% N. 

In another aspect, the invention provides a non-magnetic 
component for use in directional drilling produced from a nigh strength 
corrosion resistant stee. of composition as specified in any one of the 
preceding four paragraphs. The component may be a drill collar. 

It is well known than an essential component of a stainless steel is 
chromium, at .east 1 2% by weight in solid so.ution being general.y deemed 
to be desirable. For the type of corrosion in question (caused by dissolved 
hal.de salts), increasing the content of chromium above this value 
progressively improves resistance to corrosion initiation and its rate of 
propagation. A number of other elements can complement the beneficial 
effect of chromium, notably molybdenum. Both chromium and molybdenum 
however, promote the formation of magnetic delta ferrite phase which 
cannot be tolerated for the particular use under consideration. To prevent 
the presence of this ferrite phase, there must be present in sufficient 
amounts elements which suppress its formation, notably carbon, nickel and 
mtrogen. The tolerable content of carbon is very low because the presence 
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that the various factors used will necessarily app.y to other alloy mixes other 
than the range relevant to this invention. 

Applicants has established that an excellent downhole property 
balance is achieved with high strength corrosion resistant steels having the 
following composition by weight:- 

Carbon Up to 0.05% 

Silicon Up to 1.0% 

Manganese 10 to 20% 

Chromium 13. 5 to 18% 

Nickel 1.0 to 7.0% 

Molybdenum 1.0 to 4.0% 

Nitrogen o.2 to 0.4% 

In addition, it is preferred that the balance of composition conforms 
with the following:- 

With Nickel emii valenftft x 

Chromium equivalence minus 14 

Where chromium equivalence .% chromium + 1.5 x % silicon + 
% molybdenum + 0.12 x % manganese and nickel equiva.ence = % nickel 
+ 30 x % carbon + 20 x % nitrogen and also with nickel equiva.ence + 
chromium equivalence >35. 

Where chromium equivalence = % chromium + 1 .5 x % silicon + 
/o molybdenum and nicke. equivalence = % nickel + 0.5 x % carbon + 30 
% nitrogen. 



All the above values are percentages by weight with the balance 
essentially iron. „ is t0 be understo0(j „,„ ^ 

mcdentany present in austenitic stainless steels may be present within ,he 
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, - n RWO Part 1 Preferred and more preferred 
limits set for such steels >n BS970 Part 

compositions are as follows. 

Preferred 



[yinrp Preferred 



Carbon 
Silicon 
Manganese 

Chromium 

Nickel 

Molybdenum 
Nitrogen 



.05% maximum 
1 .0% maximum 
12.0 to 16.0% 
1 4.0 to 1 6.0% 
1.0 to 5.0% 
1.7 to 3.0% 
.20 to .40% 



.035% maximum 
.50% 

13.0 to 15.0% 
15.0 to 16.0% 
2.0 to 2.75% 
2.0 to 2.5% 
.30 to .40% 



» is to be understood that the events norma.lv present as 

accepted in international standards. 

One exampie of a stee, composition in accordance with the 
invention is: 



C 

0.031 



Si 

0.50 



Mn 
14.86 



Cr Ni Mo N 

15.06 2.46 2.02 0.30 



This stee, was forged to form 1 0 metre length bars of 1 80 mm and 
190 mm diameter b Y a norma, production technic including Hot org,ng 
Z warm straining. The mechanical properties taken from pos.ons « 
accordance with API 7 Section 6 were: 



0.2% Proof Stress 
U.T.S. 
Elongation 
Reduction of Area 
Charpy 'V (20°) 



118.9 ksi < MPa) 
139.9 KSI ( MPa) 
37% 
68% 

156, 164, 167 Joules 
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Magnetic permeability was 1 .002 and uniformity of this property 
was confirmed by measuring the changing magnetic flux along the bar when 
subjected to a magnetic force of 200 oersteds. Maximum deviation was 
found to be less than 0.05 micro tesla over the whole bar length. 

Resistance to galling was demonstrated by use of the button-on- 
block technique described in ASTM G98. This involves rotating separate 
cylindrical samples under pressure on blocks of similar material. Increasing 
pressures being used until galling is seen. Results are compared with those 
for steels A to B and C in Table 1 below. 

TABLE 1 . 



Pressure, ksi 


Steel A 


Steel B 


3.5 




Not galled 


6.5 




Not galled 


9.5 




Not galled 


10 


Not Galled 


Galled 


12 


Not Galled 


Galled 


14 


Not Galled 


Galled 


15 


Not galled 




17.5 


Not galled 




20 


Galled 





Steel C 



25 
30 
32.5 
35 

36.25 
37.5 
40 
42.5 



Not galled 
Not galled 
Not galled 
Not galled 
Not galled 
Galled 
Galled 



Steel of the 
present 
Invention 



Not galled 
Not galled 
Not galled 
Not galled 
Not galled 
Not galled 
Not galled 
Not galled 
Not galled 
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It will be seen from this Table that steel B galled at around 1 0 ksi, steel 
A at around 20 ksi and steel C at around 36.25. The steel sample in 
accordance with the invention had not galled at the highest recorded 
pressure, namely 42.5 ksi. 

Corrosion resistance was demonstrated by two accelerated laboratory 
tests The corrodent chosen was a 20% solution of sodium chloride at 
50°C open to atmosphere. The test sample was a small cylinder and this 
was embedded in a layer of fine sand to simulate severe crevice conditions. 
The sample was connected via an ammeter to an electrode either of copper 
or of type 304 stainless steel; the electrode surface area was 150 sq cms. 
The current flow provided an indication of the corrosion occurring. To 
accelerate the test there was an initial period when the test sample was 
polarised anodically at a high current to ensure that corrosion had started 
and was proceeding at a high rate. After stopping polarisation, the current 
flow was monitored until a steady value was obtained and this was noted. 
Values for static and flowing solutions were taken. These are tabulated .n 
Table 2 below:- 



TABLE 2 





Copper Electrode 


304 Electrode 




Static 


Flowing 


Static 


Rowing 




mA 


mA 


mA 


mA 


Steel A 


4.9 


6.4 


2.1 


2.7 


Steel C 


4.4 


6.8 


2.2 


3.4 


Steel of the 










present 
invention 


0.33 


0.15 


0.50 


0.79 



The test with the stainless steel electrode simulated severe crevice 
conditions and that with the copper electrode the added effect of galvanic 
stimulation. It will be seen from Table 2 that the steel sample of the present 
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invention exhibited substantially enhanced corrosion resistance. 

The tests conducted demonstrated that steels in accordance with the 
present invention exhibit a property balance for strength, magnetic 
permeability, galling resistance and corrosion resistance superior in every 
respect to presently available high strength corrosion resistant steels. 

It will be appreciated that the foregoing is merely exemplary of non- 
magnetic corrosion resistant high strength steels and non-magnetic 
components produced therefrom in accordance with the invention and that 
various modifications can be made thereto without departing from the true 
scope of the invention. 
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CLAIMS 

1 . A non-magnetic corrosion resistant high strength steel whose composi- 
tion by weight % includes:- 

Carbon, up to 0.05% 

Silicon, up to 1 .0% 

Manganese, from 10.0 to 20.0% 

Chromium, from 13.5 to 18.0% 

Nickel. from 1.0 to 4.0% 

Molybdenum, from 1 .5 to 3.5% 
Nitrogen, from 0.2 to 0.4% 

2. A non-magnetic corrosion and galling resistant high strength steel 
whose composition by weight includes 

Carbon up to 0.2% 

Silicon up to 1 .0% 

Manganese from 10.0 to 20.0% 

Chromium from 13.5 to 1 8.0% 

Nickel from 1 .0 to 7.0% 

Molybdenum from 1.5 to 4.0%; and 

Nitrogen from 0.2 to 0.4%, 
the composition satisfying the formulae:- 

(i) Nickel equivalence >1.51 
Chromium equivalence minus 14 

and 

(ii) Nickel equivalence + chromium equivalence > 35 

3. A steel as claimed in claim 1 or claim 2 whose composition by weight 
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4. 



* - carbon up ,„ 0.55%. silicon up ,o 1%. manganese „ „ 
chromium ,4,o ,6%. nickel I.Oto 5%. mdybdenum 1.7,o 3 0%. nd 
nrtrogen. 0.2 ,o 0.40%. baiance iron and incidental impurities. 

A steel as claimed in ctaim , or claim 2 whose composition by „ei 9 h« 
-* - carbon up ,o 0 . 035 %, silicon up ,o 0.5%, manganese ,3 ,o 
n*A .chromium ,5 „ , 6% , nicke , 2 . 0 „ 2 ?6% ^ q 

«o 2.5* and nitrogen 0.30 to 0.40%, balance „on and incidental 
impurities. 



5- A stee. as claimed in any one of c.aims 1 to 4 herein the balance of 
the composition conforms with the following equation:- 
Ni eouivalpr.ro > j g1 

Cr equivalence - 14 

when Cr equivalence = %Cr + 1 5<>/ n c: , 

+ i.o/o Si + %Mo + 0.12% Mn 

and 

Ni equivalence = %Ni + 30%C + 20% N 

3- A steel as Caimed in Cairn 5 wherein the balance of the composition 
conforms w,th the following equations : 

Cr equivalence = Cr + 1 5<% c; , 0 / ha 

f i.o a> si + % Mo + 0.12% Mn 

and 

Ni equivalence = % NI + 30% C + 20% N 
and 

Ni equivalence + Cr equivalence > 35. 

where Cr equivalence = % C r + 1.5% si + o /oMo; and 

Ni equivalence = % Ni + 0 . 5 % Mn + 30% c + 30% N. 

A non-magnetic component for use in directional dril.ing produced from 
h,gh strength corrosion resistant steel of composition as c ,a irne d in 
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any one of claims 1 to 6. 



A drill collar produced from a high strength corrosion resistant corrosion 
resistant steel as claimed in any one of claims 1 to 6. 

A non-magnetic corrosion resistant steel substantially as herein 
described. 




Application No: 
Claims searched: 



GB 9723242.5 
1-9 



Examiner: 
Date of search: 



Matthew Lawson 
10 September 1998 



Patents Act 1977 

Search Report under Section 17 

Databases searched: 



UK Patent Office collections, including GB, EP, WO & US patent specifications, in: 
UK CI (Ed.P): C7A (including EP, WO & US specifications) 
IntCl (Ed.6): - 
Other: Online: WPI 

Documents considered to be relevant: 



Category 


Identity of document and relevant passage ~ — — _ 


| Relevant 
1 to claims 


A 


GB 2257713 A 


(CARPENTER) 




A 


GB 1432396 


(ARMCO) 




A 


US 4450008 


(ANDREINI) 




A 


US 3151979 


(CARNEY) 





Document indicating lack of novelty or inventive step 
Document indicating lack of inventive step if combined 
with one or more other doc u menu of same category. 

Member of the tame patent family 



Document indicating technological background and/or stale of the an 
£curnen. published on or after the declared priority 2Z£££ 
the filing date of this invention. rc 
Patem document published on or after, but with priority date earlier 
lhan, the filing date of this application 



Executive Agency of the Department of Trade and Industry 



This Page is Inserted by IFW Indexing and Scanning 
Operations and is not part of the Official Record 

BEST AVAILABLE IMAGES 

Defective images within this document are accurate representations of the origin 
documents submitted by the applicant. 

Defects in the images include but are not limited to the items checked- 

/ • . ' : 

0 BLACK BORDERS 



COLOR OR BLACK AND WHITE PHOTOGRAPHS 

□ GRAY SCALE DOCUMENTS 

□ LINES OR MARKS ON ORIGINAL DOCUMENT 

□ REFERENCE^) OR EXHIBIT(S) SUBMITTED ARE POOR QUALITY 

□ OTHER: _ . 

IMAGES ARE BEST AVAILABLE COPY. 
As rescanning these documents will not correct the image 
problems checked, please cfo not report these problems to 
the IFW Image Problem Mailbox. 



□ IMAGE CUT OFF AT TOP, BOTTOM OR SIDES 

□ FADED TEXT OR DRAWING 




yl BLURRED OR ILLEGIBLE TEXT OR DRAWING 
□ SKEWED/SLANTED IMAGES 




C 



